AB-type toxins, like other bacterial toxins, are notably opportunistic molecules. They rely on target cell receptors to reach the appropriate location within the target cell where translocation of their enzymatic subunits occurs. The anthrax toxin, however, times its own uptake, suggesting that toxin binding triggers specific signaling events. Here we show that the anthrax toxin triggers tyrosine phosphorylation of its own receptors, capillary morphogenesis gene 2 and tumor endothelial marker 8, which are not endowed with intrinsic kinase activity. This is required for efficient toxin uptake because endocytosis of the mutant receptor lacking the cytoplasmic tyrosine residues is strongly delayed. Phosphorylation of the receptors was dependent on src-like kinases, which where activated upon toxin binding. Importantly, src-dependent phosphorylation of the receptor was required for its subsequent ubiquitination, which in turn was required for clathrin-mediated endocytosis. Consistently, we found that uptake of the anthrax toxin and processing of the lethal factor substrate MEK1 are inhibited by silencing of src and fyn, as well as in src and fyn knockout cells.
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endocytosis | CMG2 | TEM8 | ubiquitination T o exert their virulence, extracellular bacteria often secrete protein toxins that subsequently alter the behavior of target mammalian cells to promote the survival and spreading of the pathogen. Most bacterial toxins contain a domain or subunit that harbors an enzymatic activity, the target of which is generally located in the host-cell cytoplasm (1) . Therefore, the enzymatic subunit must be taken up by the cell and subsequently translocated across some intracellular membrane (endosomes or endoplasmic reticulum) to reach the cytoplasm (1) . Extensive research over the last decade has shown that toxins evolved to hijack most, if not all, endocytic pathways to enter cells, including clathrin-dependent endocytosis, caveolae, and nonclathrin noncaveolar routes (2) . Some of these pathways were actually uncovered through studies on bacterial toxins (3, 4) .
The anthrax toxin, one of the two major virulence factors of Bacillus anthracis (5), is composed of three subunits, two of which are enzymes (6, 7) . Edema factor (EF) is a calmodulindependent adenylate cyclase, whereas lethal factor (LF) is a zincdependent metalloprotease that cleaves MAP kinase kinases (8, 9) . The third subunit, the protective antigen (PA), is required for cell surface binding of the toxin (10) and for escorting EF and LF to the cytoplasm (11) .
More specifically, PA has the capacity to bind to surface receptors. It is produced by the bacterium as an 83-kDa form but requires processing to a 63-kDa form (PA63) either by plasma (12) (13) (14) or cellular proteases (7) . PA63 has the ability to oligomerize into heptameric (PA 7mer ) (15) or octameric (16) rings that act as the receptors for EF and LF (7) . The hetero-oligomeric complex is then internalized preferentially via a clathrin-mediated pathway (17) although other routes may be taken (18) , possibly depending on the cell type and/or the ligand doses (19) . The toxinreceptor complex is then transported to endosomes where the acidic pH triggers membrane insertion of PA 7mer -leading to the formation of the PA pore (pPA 7mer ) as well as to the partial unfolding of EF and LF. These are then translocated through the PA pore across the endosomal membrane.
Two receptors have been identified for the anthrax toxins: tumor endothelial marker 8 (TEM8) (20) and capillary morphogenesis gene 2 (CMG2) (7, 21) . Both are type I membrane proteins, bearing an extracellular von Willebrand factor domain involved in PA binding. TEM8 and CMG2 share a high degree of similarity in both their extracellular and cytoplasmic domains (7) .
We have previously shown that endocytosis requires toxininduced ubiquitination of the receptor by the E3 ligase Cbl, a process that is required for uptake (22) . Interestingly, although endocytosis of the toxin-bound receptor is rapid, that of the toxin-free receptor is slow (23) , indicating that toxin endocytosis is ligand triggered (17) . This in turn suggests that toxin binding and possibly heptamerization trigger intracellular signaling events to allow recruitment of the endocytic machinery.
Here we investigate whether tyrosine phosphorylation events control anthrax toxin endocytosis. Because anthrax toxin receptors lack an intrinsic kinase activity, signaling would require the assembly of a transduction machinery encompassing the receptors and other proteins, as observed for integrins (24) . We found that PA triggers the activation of src-like kinases (SLKs), which in turn causes phosphorylation of the receptors and their subsequent ubiquitination. This series of events, initiated by active src, is necessary for rapid transport of PA to endosomes and delivery of LF to the cytoplasm.
Results and Discussion
Anthrax Toxin-Triggered Tyrosine Phosphorylation Promotes Uptake.
With the aim of understanding the mechanisms underlying PAtriggered endocytosis of the anthrax receptors, we investigated whether PA binding leads to tyrosine phosphorylation events. Extracts of cells, treated or not with PA, were analyzed by Western blotting using an anti-phospho-tyrosine antibody. Although binding of PA to cells at 4°C did not lead to any signal above background, several tyrosine phosphorylated bands appeared in a PA-dependent manner in cells incubated at 37°C (Fig. 1A) . Interestingly, the kinetics of appearance and decrease differed for the two major bands, with the lower molecular band appearing at earlier times and being more transient.
The anthrax toxin enters cells via a clathrin-dependent pathway (17) . Moreover, it has been reported that clathrin heavy chain can undergo phosphorylation during ligand-triggered endocytosis (25) (26) (27) , possibly to stabilize the clathrin coat. We found that PA can also trigger the phosphorylation of clathrin heavy chain (Fig. 1B) and that this event slightly preceded the appearance of the SDS-resistant PA heptamer (pPA 7mer ). It is important to note that the PA 7mer that forms at the cell surface is initially SDS-sensitive but acquires SDS resistance upon exposure to acidic pH. Acquisition of SDS resistance in the cellular context thus constitutes a convenient readout for the formation, in endosomes, of the transmembrane PA 7mer pore (labeled pPA 7mer in Figs. 1-5). To test the importance of tyrosine phosphorylation events in toxin uptake, we analyzed the effects of the general tyrosine phosphorylation inhibitor genistein. Cleavage of the LF-target MEK1 was not observed in genistein-treated cells within the time frame of the experiment, in contrast to control cells ( Fig. 2A) , indicating that LF was not delivered to the cytoplasm. This was not due to a defect in binding of PA63 but to the fact that pPA 7mer did not form ( Fig. 2A ). To test whether genistein affected the oligomerization process at the cell surface, we submitted cell extracts to an acid treatment to convert the heptameric PA prepores to an SDS-resistant form (total cellular PA 7mer ). Oligomerization was not inhibited ( Fig. 2A) , consistent with the observation that binding of LF-the receptor of which is PA 7mer (15)-was not affected. Finally, to monitor endocytosis, we used a FACS assay that measures the disappearance of PA from the cell surface. Cells were treated at 4°C with PA, subsequently incubated or not at 37°C, and then incubated on ice with anti-PA antibodies. FACS analysis showed that under control conditions, the amount of surface PA was reduced upon incubation of cells at 37°C. By contrast, uptake was not observed in genistein-treated cells (Fig. 2B ).
Anthrax Toxin Triggers Phosphorylation of Its Receptor. We next tested whether the toxin receptor itself underwent tyrosine phosphorylation. Cells transiently expressing HA-epitope-tagged CMG2 (isoform 4) were treated with toxin for different times and submitted to immunoprecipitation. A low level of phosphorylation of CMG2 was observed in untreated cells (incubated at 4°C and 37°C) and in cells treated with PA at 4°C. Phosphorylation, however, strongly increased upon incubation at 37°C (Fig. 3A) . CMG2 contains four tyrosine residues in its cytoplasmic tail at positions 380, 381, 445, and 463 (Fig. S1A ). We generated a quadruple mutant (CMG2 ΔY ) in which all four tyrosines were changed to alanine. As expected, no tyrosine phosphorylation signal was observed for CMG2 ΔY upon toxin treatment (Fig. 3B ). More importantly, pPA 7mer could not be detected in the immunoprecipitates of the CMG2 ΔY mutant (Fig. 3B ), suggesting that endocytosis was impaired. To test the importance of the CMG2 cytoplasmic tyrosines in the mode of action of the toxin more directly, we transfected CHO cells defective in anthrax toxin receptors (CHO ΔATR ) with wild type and mutant CMG2 ΔY . The kinetics of the appearance of pPA 7mer and of the cleavage of MEK1 by LF were delayed in CMG2 ΔY -expressing cells, whereas the oligomerization process at the cells surface was not (Fig. 3C  and D) , which is consistent with the notion that receptor phosphorylation promotes endocytosis of the toxin.
We next investigated whether PA also triggered the phosphorylation of TEM8 isoform 1 (TEM8-1, Fig. S1A ). It is worth mentioning that TEM8-1 is the most abundant receptor in HeLa cells, used in Figs. 1 and 2 , and in the RNAi silencing experiments described below. Even in the absence of PA, a significant phosphorylation signal was observed for TEM8-1, which was absent as expected for TEM8 isoform 2, which has a much shorter cytoplasmic tail of only 25 residues and lacks tyrosine residues (Fig. S1B) . Phosphorylation, however, was enhanced upon PA treatment (Fig. S1B) . The four cytoplasmic tyrosine residues present in CMG2 are conserved in TEM8-1 (Fig. S1A) . The later protein, however, has an additional tyrosine at position 425 (Fig. S1A) . Mutation of Tyr-425 to alanine almost abolished the tyrosine phosphorylation signal observed in the absence of PA, rendering the toxin-induced increase in signal far more apparent (Fig. S1C ). Altogether these observations show that PA binding and oligomerization trigger the phosphorylation of both anthrax toxin receptors.
Anthrax Toxin Triggers the Activation of src-like Kinases. Potential candidates for the phosphorylation of the anthrax receptors are src-like kinases, known to be involved in the endocytosis of various receptors such as the EGF (25), the B-cell (26) , and the T-cell (27) receptors. We therefore investigated whether PA triggers activation of SLKs. Phosphorylation of SLKs was not observed upon PA binding at 4°C but increased, strongly but transiently, upon incubation at 37°C (Fig. 4A) . The kinetics and transient nature of the src phosphorylation, combined with its molecular weight, suggest that the lower phospho-tyrosine band observed in Fig. 1A might correspond to SLKs. Toxin-induced phosphorylation was not observed with a PA mutant that fails to oligomerize-due to mutations in the furin cleavage site (Fig.  S2A )-indicating that PA heptamerization is important for src activation.
To test the importance of src-like kinases, we silenced the expression of the three ubiquitous SLKs expressed in HeLa cells (Fig. 4B) : src, yes, and fyn (SYF cells). Silencing was effective for all three kinases (Fig. 4B) . Silencing of src, however, also led to a decrease in fyn and vice versa, so these two kinases could not be differentiated. Silencing of src/fyn, but not yes, inhibited the appearance of the pPA 7mer and the LF-mediated cleavage of MEK1 (Fig. 4B ), but did not affect heptamer formation at the cell surface (Fig. S2B) . Silencing of src also inhibited PA-induced phosphorylation of the TEM8-Y425A mutant (Fig. S1C) . Silencing of src, however, did not prevent PA-induced phosphorylation of the clathrin heavy chain (Fig. S2C) , indicating that PA triggers multiple tyrosine kinase cascades.
These observations prompted us to test the effect of anthrax toxin on mouse embryonic fibroblasts (MEFs) derived from triple knockout mice for src, yes, and fyn (28). MEFs express both TEM8 and CMG2, but toxin sensitivity is mainly due to CMG2 (29) . Whereas PA83 was able to bind to SYF cells and undergo processing to PA63 and subsequent oligomerization into PA 7mer at the cell surface ( Fig. 5A ; PA 7mer was converted to an SDS-resistant form using acid treatment of cell extracts as seen in Fig. 2) , the SDS-resistant endosomal pPA 7mer was undetectable, indicating that transport to early endosomes was impaired. This was confirmed by the absence of MEK1 cleavage by LF (Fig. 5A) . FACS analysis showed that the first step of endocytosis-uptake from the cell surface-was impaired (Fig. 5B) in agreement with the fact that phosphorylation of CMG2 could not be detected in these cells (Fig. S2D) . Recomplementation of the SYF cells with yes had no effect, as predicted by the RNAi gene-silencing experiments. In contrast, endocytosis of the toxin was restored in cells recomplemented with either src or fyn as indicated by the formation of the SDS-resistant pPA 7mer and MEK1 cleavage by LF (Fig. 5C ). Phosphorylation of CMG2 also was restored (Fig. S2D) . Taken together, these observations show that anthrax toxin triggers the activation of SLKs and that the activation of src/fyn is required for rapid toxin uptake.
It is well known that phosphorylation creates docking sites for phospho-tyrosine-binding domains on appropriate partner molecules. We have previously shown that PA endocytosis requires ubiquitination of anthrax toxin receptors on cytoplasmic lysines by the E3 ligase Cbl (22) . To investigate whether Cbl action is dependent upon phosphorylation of the receptor tail, we analyzed whether ubiquitination also occurred in the phosphorylation-deficient CMG2 mutant. Ubiquitination of CMG2 was strongly diminished in the case of CMG2
ΔY when compared to wild type, suggesting that phosphorylation of the receptor tail promotes the recruitment of the E3 ligase (Fig. 6) . Note that the kinetics of ubiquitination are slower than that of src activation and receptor phosphorylation, consistent with the sequence of events proposed here.
Concluding Remarks. The anthrax toxin receptors are typical representatives of transmembrane proteins present at the cell surface, which undergo relatively slow endocytosis in resting cells, possibly due to their engagement in cell-cell or cell-extracellular matrix interactions. We find that binding of the anthrax protective antigen to the extracellular domain of these proteins and its subsequent oligomerization trigger activation of src/fyn in the cytoplasm and phosphorylation by these kinases of the receptor cytoplasmic tail. This in turn allows receptor ubiquitination by the E3 ligase cbl and internalization of the receptor-toxin complex, leading to uptake and delivery of the enzymatic toxic subunits to the target cell cytoplasm.
Materials and Methods
Cells. HeLa and anthrax-toxin-receptor-deficient CHO cells were grown as described (22) . Wild-type and SYF MEFs, kindly provided by M. Way, were grown in complete DMEM (Gibco) supplemented with 10% FCS and 2 mM L-glutamine, penicillin, and streptomycin.
Toxins, Antibodies, and Reagents. All toxin subunits and antibodies against them were a gift from S. Leppla. Antibodies against the N-terminal peptide of MEK1 were produced in our laboratory; anti-HA, anti-GFP monoclonals, and anti-HA-agarose-conjugated beads were from Roche; protein G-agaroseconjugated beads from GE Healthcare; the monoclonals anti-src, anti-fyn, and anti-yes from Invitrogen; anti-CHC from Affinity Bioreagents; antiphospho-src (TYR416) from Cell Signaling; anti-phospho-tyrosine (clone 4G10) from Upstate; anti-ubiquitin (P4D1) from Santa Cruz Biotechnology; HRP secondary antibodies from Pierce; and Alexa-conjugated secondary antibodies from Molecular Probes. Genistein was purchased from Calbiochem and used at a final concentration of 200 μM in medium without serum at 37°C for 2 h before toxin addition.
Plasmids and Transfection. Human TEM8-1-HA was cloned in pIREShyg2 as described (22) . TEM8-1 GFP was cloned into PHS001 and TEM8-2-GFP in pKB319. The human CMG2 (isoform 4) gene tagged with an HA epitope in the C terminus was cloned in pIREShyg2 expression vector. The four tyrosines Y380, Y381, Y445, and Y463 of CMG2 and tyrosine 425 of TEM8-1 were mutated to alanine with Quickchange (Stratagene) following the manufacturer's instructions. Plasmids were transfected into HeLa cells for 48 h (2 μg cDNA/9.6 cm 2 plate) using Fugene (Roche Diagnostics).
RNAi Experiments. Validated siRNA of human src (SI02664151), human yes (SI00302218) and human fyn (SI02659545) were purchased from Qiagen. For the control siRNA, we used the following target sequence of the viral glycoprotein VSV-G: attgaacaaacgaaacaagga. For gene silencing, HeLa cells were transfected for 72 h with 100 pmol/9.2 cm 2 dish of siRNA using oligofectamine (Invitrogen) transfection reagent.
Total Cell Extracts and Western Blot Analysis. HeLa cells were harvested, washed with PBS, and homogenized by passage through a 22G injection needle in HB (HB: 2.9 mM imidazole and 250 mM sucrose, pH 7.4) containing a phosphatase inhibitor mixture (Sigma) and a mini tablet protease inhibitor mixture (Roche). Protein quantification, Western blotting, and immunoprecipitations were performed as described (22) . To convert surface PA7mer ΔY -HA mutated on four tyrosines: Y380A, Y381A, Y445A, and Y463A. Cells were then treated with 500 g/mL of PA83 for indicated times at 37°C. Immunoprecipitations were performed against HA, and the samples were analyzed by Western blotting both against the HA-tagged receptor and against ubiquitin.
to an SDS-resistant form, cell extracts were incubated at room temperature for 10 min with 145 mM NaCl and 20 mM Mes-Tris, pH 4.5.
Immunoprecipitation. For immunoprecipitations, cells were lysed 30 min at 4°C in IP buffer (0.5%Nonidet P-40, 500 mM Tris-HCl pH 7.4, 20 mM EDTA, 10 mM NaF, 2 mM benzamidine, and a mixture of protease inhibitors, Roche), centrifuged 3 min at 2000 g and supernatants were precleared with protein Gagarose conjugated beads and supernatants were incubated 16 h at 4°C with antibodies and beads.
Flow Cytometric Analysis. HeLa cells were incubated for 1 h at 4°C with 1 μg/mL PA63, washed, and incubated at different times at 37°C and then washed at 4°C and incubated for 5 min on ice with cold trypsin. Loosely attached cells were harvested by pipetting and stained for 30 min on ice with anti-PA antibodies, followed by staining for 30 min on ice with secondary fluorescent antibodies, washing in PBS + 1% FCS, and evaluation on a FACSCalibur (Becton Dickinson). FACS data were analyzed using FlowJo software (FlowJo).
